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We propose a new scenario where neutrino masses are generated via operators with the mass 
dimension higher than five, which are induced at the loop level. The scenario is demonstrated with 
concrete models where neutrino masses are generated via a one-loop dimension-seven operator which 
is induced through TeV scale dynamics under the exact Z2 symmetry. Tiny neutrino masses are 
naturally induced from the TeV scale dynamics without introducing any artificial assumption on 
magnitudes of coupling constants. The combination of one-loop factor l/(47r) 2 and the factor of the 
ratio (v/A) 2 between the electroweak scale v and new physics scale A provides sufficient suppression 
as compared to the model based on the dimension-five operator induced at the tree level. The 
reproduction of the data for neutrino masses and mixings are discussed under the constraint from 
experiments for lepton flavour violation. We also mention phenomenological implications at collider 
experiments and dark matter candidates. 
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I. INTRODUCTION 

Mystery is the origin of tiny neutrino masses that are 
indicated from the neutrino oscillation data. How can 
we understand the smallncss of neutrino masses as com- 
pared to the electroweak scale? A simple way of the ex- 
planation may be based on the seesaw mechanism 
introducing right-handed neutrinos with large Majorana 
masses at the scale such as that of grand unification. 
Although this is an attractive scenario, introduction of 
such large masses causes another hierarchy among mass 
scales. In addition, such a large mass scale is beyond the 
experimental reach and the theory would be untcstablc 
directly. 

In the Standard Model (SM), the Higgs sector, on the 
other hand, is the last uncharted part. Although the SM 
Higgs sector is the simplest scenario with a scalar isospin 
doublet, the true Higgs sector may take a non-minimal 
form. Such an extended Higgs sector may be closely re- 
lated to the mechanism to induce tiny neutrino masses at 
the TeV scale. Such a possibility is interesting because 
the model is in principle testable directly at on-going and 
future collider experiments, such as the Fermilab Teva- 
tron, the CERN Large Hadron Collider (LHC) and the 
International Linear Collider (ILC). 

If neutrino masses arc of the Majorana type, they 
are generated through the lepton number violating ef- 
fective operators. In the usual seesaw scenarios, the neu- 
trino masses are derived from the dimension-five oper- 
ator W(j)<f)/A, where v represents left-handed neutrinos, 
4> does the Higgs boson, and A is a scale of the new 
physics. In a class of models where neutrino masses are 
radiatively generated, such a dimension-five operator is 
induced at the loop level by the TeV scale dynamics. 
For example, in the model proposed by A. Zee [a, @, the 



dimension-five operator is generated at the one-loop level 
via the lepton number violating interaction and dynam- 
ics of the extended Higgs sector. In the model proposed 
by E. Ma Q, the dimension-five operator is also gener- 
ated at the one-loop level via the physics of the extra 
scalar doublet and the TeV scale right-handed neutrinos, 
where the both of new fields are assigned odd quantum 
number under the discrete Z2 symmetry. Such a one- 
loop generation of neutrino masses from the TeV scale 
dynamics, however, still requires unnaturally small cou- 
pling constants for reproducing the tiny neutrino masses. 
There are several models in which neutrino masses are 
generated at the two-loop level and also the three- 

loop level fl2l - fl5j , where such fine tuning is not necessary 
because of the sufficient suppression by additional loop 
factors. In all these models, dimension-five operators are 
induced at the loop level. 

Recently, a new idea has been proposed where tiny 
neutrino masses are generated via the operators whose 
dimension is higher than five (l6T - [2Cil ] . In Ref. [Hj], 
some concrete examples are examined, in which neutrino 
masses are generated via the dimension-seven operator 
vvtfxjxj)^/ A 3 which are induced at the tree level with the 
extend scalar dynamics. In this case, there is an addi- 
tional suppression factor of (v/A) 2 as compared to neu- 
trino masses via the dimension-five operators, where v 
(~ 246 GeV) is the vacuum expectation value (vev) of 
the Higgs boson. Although these models are interesting, 
a sort of fine tuning is still required especially to repro- 
duce the scale of neutrino masses, when A is assumed to 
be of TeV scale. 

In this paper, we propose a scenario in which neu- 
trino masses are generated via higher-dimensional op- 
erators vv(<fH\>) {d -^l 2 1 'A d ~ A (d = 7,9,11---) which are 
induced by quantum effect. In general, the size of neu- 
trino masses from the operator with the mass dimension 
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FIG. 1: Schematic explanation of the method to make a loop digram from the tree diagram for neutrino masses. The Higgs 
doublets Hi in the tree seesaw diagram (left) are substituted by the inert doublets rj with odd parity, and the loop of the inert 
doublet is closed by the quartic coupling of (rf H2) 2 ■ This loop dimension- five model (right) was proposed in Ref. 0. Here Nr 
represents right-handed neutrinos. 



d, which arises from a rt-loop diagram, can be estimated 
as 

m ^ vx {i^) x (a) (1) 

In the models with d = 7 and n = 1, neutrino 
masses are further suppressed by the one-loop factor 
l/(167r 2 ) and the factor (i>/A) 2 as compared to the tree- 
induced dimension-five operator case (=the ordinary see- 
saw model). In such models, the new physics scale A may 
be set on the TeV scale without assuming any unnatural 
small coupling constant. In order to realize this scenario, 
we impose an exact Z2 parity 0, H3 and an approxi- 
mate discrete symmetry [13, [2l| to forbid the appearance 
of the dimension-five operator as well as the dimension- 
seven operators induced at the tree level. In such models, 
the lightest Z2 odd particle can be a Dark Matter (DM) 
candidate as long as it is electrically neutral. 

We show two concrete examples of the models along 
this line. It is demonstrated that the models can repro- 
duce the neutrino data for the masses and mixings with- 
out fine tuning among coupling constants due to the TeV 
scale dynamics of the models. We discuss the constraint 
on parameters of the models from the data of lepton fla- 
vor violation |22|, [23|. In these models, extended scaler 
sectors appear with the exact Z2 symmetry, which pro- 
vide rich phenomenological predictions. We mention the 
test of the models at current and future collider experi- 
ments at the LHC and the ILC. 

This paper is organized as follows: In Sec. [HI we briefly 
recapitulate the method to realize the higher dimensional 
neutrino mass generation with an approximate discrete 
symmetry. We also review the way to make a tree dia- 
gram for neutrino masses become the loop diagram by 
introduction of Z2 parity. Combining with these two 
methods, we construct two concrete models in Sec. lIIH in 
which neutrino masses arise from the effective dimension- 
seven operator which is induced at the one-loop level. In 
Sec. lIVl we discuss some phenomenological aspects of the 
models. 



II. METHOD 

Before we come on to descriptions of the concrete 
models, let us look briefly at the essentials for the 
tree-level dimension-seven neutrino mass generation fl8| . 
There are two key components to produce the effective 
dimension-seven operator for neutrino masses at the clcc- 
troweak scale: 

• An additional symmetry to forbid the dimension- 
five vv4>4>/A operator. The simplest choice for non- 
supcrsymmetric models is Z§. 

• The extended Higgs sector with two Higgs doublets 
so that the combination (H1H2) can carry a charge 
under the additional symmetry. Here the hyper- 
charge of Hi is given to be —1/2 and that of H2 is 
+1/2. 

Taking the setups and assigning appropriate charges 
to the standard model particles, we can forbid the 
dimension-five operator and make 

£ off = ^LLH 2 H 2 H 2 H 1 (2) 

to be the leading contribution to neutrino masses, where 
C is a mass dimensionlcss coefficient 1 . The possible mod- 
els for this tree-level dimension-seven neutrino mass gen- 
eration mechanism are listed in Ref. (l8| . In the mod- 
els including the SM singlet fermions at the high en- 
ergy scale, one can see that the Z§ symmetry forbids the 
fermions (=right-handed neutrinos) to have the Majo- 
rana mass term. Because of the absence of the Majorana 
mass term, the dimension-five operator cannot arise at 
the electroweak scale and the dimension-seven operator 
dominates the contribution to neutrino masses. 

Extending these models, we consider the models, in 
which neutrino masses are generated via the dimension- 
seven operator but the effective operator is induced 



The choice of dimension-seven operators which contribute to neu- 
trino masses is not unique |l8ll . In this paper, we concentrate on 
the operator shown in Eq. 
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through a one-loop diagram. To construct such loop- 
induced models, we follow the method with the exact Z 2 
symmetry, which was developed in Refs. 0,[3- The es- 
sential is introduction of the inert doublet with the odd 
parity under the Zi symmetry. Due to the exact Zi par- 
ity, the inert doublet cannot take a vacuum expectation 
value (vev). Let us describe the maneuver, taking the 
ordinary type-I seesaw model as an example. The proce- 
dure is schematically illustrated in Fig. [TJ Assigning the 
odd parity to the right-handed neutrinos Nr and sub- 
stituting the inert doublet rj for the Higgs doublet H-2 in 
the neutrino Yukawa interaction, one can forbid the tree- 
level contribution to neutrino masses. The inert doublets 
in the diagram Fig. [T] arc converted to the Higgs doublets 
through a quartic interaction, 
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£ = -(^#2X^2) + H.c 



(3) 



In other words, the inert Higgs legs are closed by the 
quartic interaction and make a loop. This leads to the 
one-loop diagram for neutrino masses, which was pro- 
posed in Ref. Q- In the following sections, we will apply 
this procedure to the models in which neutrino masses are 
generated through the dimension-seven operator which 
is induced via tree diagrams, and build the loop-induced 
dimension-seven models. 



III. MODELS 

We here consider two examples to illustrate the method 
to build the models in which neutrino masses are gener- 
ated through the effective dimension-seven operator in- 
duced from a one-loop diagram. 



A. Model A 

The renormalizablc models to induce the effective in- 
teraction Eq. @ from tree diagrams at the electroweak 
scale are listed in Ref. [IH . In this subsection, we employ 
the model described as Decomposition #1 among them, 
in which the SM gauge singlet Dirac fermion ip and the 
singlet scalar ip are introduced. The particle contents and 
the charge assignments are summarized in Table HI Here, 
the charges for the quarks and leptons are assigned so 
as to reproduce the Yukawa interactions of type-II two- 
Higgs-doublct model (THDM) 2 . For detailed arguments 
for this model and the (softly broken) Z§ symmetry, see 
Sec. 3.1 in Ref. 1 18]. In this letter, we are interested in the 



2 In general, there are four possibilities for the Yukawa interaction 
in THDM under the (softly-broken) discrete Z2 symmetry [24L 
|31| . All the possibilities can also be realized with appropriate 
charge assignments in the case of the Z5 symmetry. 
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TABLE I: Particle contents and charge assignments for Model 
A. The symbol Xy indicates the representations of the fields; 
X for SU(2)l, Y for U(1)y, and C for Lorenz group; i.e., 
Dirac spinor (D) and scalar (s). 



neutrino masses induced from the dimension-seven oper- 
ator Eq. ([2]) but the effective interaction is realized by a 
loop diagram. In order to forbid arising the dimension- 
seven operator from a tree diagram, we introduce the 
exact Z 2 parity and an inert doublet 77, and assign the 
odd charge for the inert doublet and the singlet Dirac 
fermion ip. 

The Lagrangian of the fundamental interactions for the 
neutrino mass generation is given as 



SM 



(y„)„°ty P L (viT 2 L a ) + { KL ) ab <pib c a P L Tp b 



+ («k)°W c „Ph^6 + W*(#liT^ 2 ) + H.C. 

+ M a b ip a i' b + m 2 Lp*ip + rniirfrf) 



-(^H 2 )(^H 2 )+R.c. 



^scala 



(4) 



where a, b and a represent the flavour indices. Let us 
first focus on neutrino masses which are our main con- 
cern, and we will take up some phenomenological conse- 
quences of this model and the part V sca iar of the scalar 
potential later. With the interactions shown in Eq. Q, 
the dimension-seven operator for neutrino masses is in- 
duced by the one-loop diagram described in Fig. [2j which 
is evaluated as 



£ e ff : 



1 



{Ait) 2 m^m 2 



x (L^iT^X^ir'L/sXtfiiT 2 !^), 
where the functions X and J are defined as 
1 



(5) 



(1 - x a )(l - x b ) 

(1 - x b )x a In 
{x a - x b )(l - x a ) 
1 

(1 - x a )(l - x b ) 
(1 - x b )x 2 \nx a 



(1 - Xg)X b \XlX b 

(x a - x b )(l - x b ) 



(1 - x a )xl lnx fe 



(x a - x b )(l - x a ) (x a - x b )(l - x b ) 
with x a = M 2 /m 2 . We obtain neutrino masses 
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TABLE II: Particle contents and charge assignments for the 
softly broken Zs and the exact Z 2 in Model B. 
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FIG. 2: Diagram for neutrino masses in Model A. The lepton 
number is violated at the interaction of ip-ip-<p, which is shown 
with a fat blob. 
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(8) 



which are the same form as those derived from the ordi- 
nary type-I seesaw scenario. The effective mass M c ff for 
the right-handed neutrinos is given to be 



i 



(4tt) 2 2 



sin 2(3 



A// 



(9) 



Therefore, it is guaranteed that this model can repro- 
duce all the features of the neutrino flavour in the canon- 
ical type-I seesaw model. From the expressions Eqs. ([8]) 
and ([9j) , it turns out that neutrino masses of the order 
of one eV is compatible with TeV scale masses for new 
fields without assuming extremely tiny couplings in the 
model. One can expect that the collider experiments are 
accessible to those fields. 

Let us discuss the scalar potential and the softly- 
broken discrete symmetry in this model. With the exact 
Z§ symmetry, the part of the scalar potential, which is 
only including Hi and Hi is described as 



Vthdm =m\ | Hi | 2 + m\ \ H 2 1 
+ A 3 |i? 1 | 2 |H 2 | 2 



y' 1 

X 4 \Hiir 2 H 2 \ 



A 



2| # 2 | 4 



(10) 



and it actually respects the global U(l) symmetry includ- 
ing Z 5 [l8j]. If the U(l) symmetry is spontaneously bro- 
ken with the vevs of the Higgs doublets, it leads a Nambu- 
Goldstonc boson. To dodge this problem, here we assume 
Z 5 is an approximate symmetry at the new physics scale 
A and introduce an explicit and soft-breaking term of Z§ 



V so ft = ?7i 2 1 H 1 iT 2 H 2 +H.c., 



(11) 



by setting the scale 7713 at the electroweak scale. This 
term does not invoke the dimension-five operator at the 
tree level, but at the loop level. The dimension-five 



contribution is only constructed through the dimension- 
seven operator of Fig. [2] by connecting outer legs of H 2 
and Hi. Therefore, setting is smaller than A (but 
large enough to avoid the bound to the pseudo Nambu- 
Goldstone boson), we can keep the contribution sub- 
dominant against that arises from the original dimension- 
seven diagram. Notice that by appropriate assignment 
of Z5 charges for right-handed quarks and charged lep- 
tons we can have a Yukawa interaction without flavor 
changing neutral current at the tree level (See also foot- 
note [2]). Phcnomcnological constraints and implications 
to the scalar sector are mentioned in Sec. IIVI together 
with the other example which will be illustrated in the 
next subsection. 

Before we turn to another example, let us briefly dis- 
cuss constraints from lepton flavour violation in this 
model. Since the Higgs fields do not mediate flavour 
changing neutral currents at the tree level, the lead- 
ing contribution to the lepton flavour violating processes 
arises from a diagram with a loop between two Yukawa 
interactions. The contribution is exactly the same as 
that in the original dark doublet model Q, which was 
calculated in Ref . [33, : 



Br(jU — > &y) = 



3a n 



l(C A )e 



(12) 



64^(0^7712)2 

where the mass-dimcnsionless coefficient Ca for Model A 
is given as 

(C A )/ ={Y})e a Hxa){Y v )/, (13) 
and the function J- is 

1 - 6x a + 3:r 2 + 2x1 ~ 6^ 2 In x a 



(14) 



We can see that it might be essential to assume a large 
value for enough to avoid a sizable [i — > ej effect. An 
alternative way to circumvent the large LFV process is 
discussed in Ref. 1331. 



B. Model B 

Let us show the second example with the different 
type of Decomposition (# 13). We introduce two in- 
ert doublets. This allows to have two types of Yukawa 
interactions for neutrinos: one is the ordinary one with 
right-handed neutrinos ipR, and the other appears with 
left-handed component ijjj. of the SM singlet fcrmion and 
violates the lepton number. The particle contents and 
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their charge assignments are summarized in Tab. ITT] The 
interaction is given by 



C =£ 



C(F 1 ir 2 J ff 2 )(» 7 'iT 2 r/) + -tfH 2 )(rfH 2 ) 



H.c. 



+ M a ip ipb + m^i] >t] + m v r]'r) - V sca iar- (15) 

The scalar potential is obviously different from that of 
Model A. However we assume also that it includes the soft 
violation term of the Z5 symmetry, which was shown in 
Eq. (|lip. to avoid the problem of the Nambu-Goldstonc 
boson. 

With the Lagrangian in Eq. (|15[) . neutrino masses are 
constructed as shown in Fig. [31 and they are calculated 
to be 



(m„) al3 = - AC— sin 2 (3 sin 2(3 
8 

x (Yl T ) aa M a l(x a> y)(Y„)/ 
+ (Yjr a M a l(x a ,y)(Y^ 



(16) 



where y = m 2 ,/m 2 . The flavour structure of this model 
is rather involved, and it cannot be understood with 
the ordinary seesaw formula because of two independent 
Yukawa matrices Y v and YJ. With the assumption that 
YJ takes the same flavour structure as Y v , Eq. (|T6)l is re- 
duced to the ordinary type-I seesaw formula. Therefore, 
this model can obviously reproduce the mass matrices 
which are consistent with the observed mass squared dif- 
ferences and the mixings. 

The lepton number violating Yukawa interaction gives 
an additional contribution to the LFV process l a — > ^7. 
The decay branching ratio in Model B can be obtained 
by substituting 



(C B )/ = (Yj) e a F(x a )(Y„) a » + {Y?) ea T{x a ){Yl) a », 



(17) 



for C A in Eq. JT2 



IV. SUMMARY AND DISCUSSION 

We have proposed the new scenario in which tiny neu- 
trino masses are generated via loop-induced d > 5 op- 
erators. In such a scenario, the scale of tiny neutrino 
masses can be reproduced from the TeV scale physics 
in a natural way without extreme fine tuning because 
the combination of the loop factor l/(167r 2 )™ and the 
additional coefficient of (v/A) d ~ 5 provides the sufficient 
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FIG. 3: Diagram for neutrino masses in Model B. Fhe lepton 
number is violated at the interaction of tp-L-rj' , which is shown 
with a fat blob. 



suppression factor. We have in particular discussed as ex- 
amples two concrete models where neutrino masses are 
generated via one-loop induced dimension-seven opera- 
tors due to the dynamics of extended Higgs sector and 
a vector-like Dirac neutrino whose mass is assumed to 
be at the TeV scale under the imposed exact discrete 
Z 2 symmetry We have shown that in these models neu- 
trino masses can be reproduced and that the neutrino 
mixing data are also satisfied without contradicting the 
constraint from the LFV data [22|, HH . 

We here give a comment on phenomenological implica- 
tions in these models. However, the detailed discussion 
is beyond the scope of this paper, and it is given else- 
where [34[ . First of all, a common feature of these mod- 
els is the extended Higgs sectors, in which there are two 
Z 2 -even Higgs doublets and one or two .Z^-odd doublets. 
Phenomenology of the THDM has been discussed in lit- 
erature. The Higgs potential is constrained by the per- 
turbative unitarity [351438] , the vacuum stability [39144 1| , 
and also electroweak precision data [42l444| . When the 
type-II THDM is assumed, the bounds from b — > S7 [45| , 
B — > tv [46 48} and the leptonic tau decay [4j| have also 
to be taken care. The discovery of extra Higgs bosons 
in addition to the lightest (SM-like) Higgs boson and 
the measurement of their properties are important to 
test these models. In these models, the induced neu- 
trino masses are multiplied by the factor of sin 2 (3 sin 2/3, 
so that a large value of tan j3 gives a further suppression 
factor. This may bring an interesting correlation between 
neutrino masses and the physics of the Higgs sector. 

The experimental confirmation of the Z 2 odd sector 
is essentially important too. Especially, the lightest Z 2 
odd particle can be a candidate of dark matter if it is 
electrically (and colour) neutral. In these models, there 
are two possibilities for the DM candidate; i.e., 1) the 
lightest 77 boson is the DM or 2) the Dirac neutrino ip is 
the DM. 

In Case 1), the phenomenology of such Z 2 odd sector 
has been studied with the physics of the DM candidate in 
the context of the dark doublet model [5(| and the radia- 
tive seesaw models 0, [H [EJ. An interestin g signature 
of DM may be the invisible decay of the (SM-like) Higgs 
boson when DM is lighter than a half of the Higgs bo- 
son mass. It is expected that the branching ratio of the 
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Higgs boson invisible decay of greater than 50 % (1%) 
can be detected at the LHC (at the ILC). The direct DM 
search is also important for the case of 1). The multi 
Higgs portal dark matter has been discussed in Ref. [52| . 
The detailed comprehensive study for models of the Higgs 
portal dark matter has been done in Ref. [EH in a specific 
scenario where only the Higgs boson and the DM candi- 
date are electroweak scale and the other new particles are 
supposed to be decoupled. The collider phenomenology 
of the Hig gs s ectors with dark doublet fields has been 
studied in [pat the LEP, in Ref. (HHH at the LHC 
and in Ref. [51| at the ILC. For the test of our model, 
many parts of these previous studies can be applied. 
If -0 is dark matter corresponding to the case of 2), 



the situation may be similar to the case in the model by 
Ma where the right-handed neutrino is the DM candidate 
which has been studied in detail in Ref. |33j . However, 
ip is a Dirac neutrino, not a Majorana neutrino, so that 
the DM number can be assigned. The DM number may 
be dynamically generated in the context of asymmetric 
DM. Details of these issues are discussed in Ref. (34[. 
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